Experimental and Analytical Simulation Analyses on the Electrical Performance of Thermoelectric Generator Modules for Direct and Concentrated Quartz-Halogen Heat Harvesting by Memon, S et al.
energies
Article
Experimental and Analytical Simulation Analyses on
the Electrical Performance of Thermoelectric
Generator Modules for Direct and Concentrated
Quartz-Halogen Heat Harvesting
Saim Memon * and Khawaja Noman Tahir
Division of Electrical and Electronic Engineering, Centre for Advanced Materials, School of Engineering,
London South Bank University, 103 Borough Road, London SE1 0AA, UK; tahirk@lsbu.ac.uk
* Correspondence: s.memon@lsbu.ac.uk; Tel.: +44-207-815-7510
Received: 4 November 2018; Accepted: 25 November 2018; Published: 27 November 2018 
Abstract: The scope of thermoelectric generators (TEGs), in improving the electric vehicle
battery performance and glass/steel manufacturing industries, could achieve wider significance
by harnessing the unused radiative heat and light conversion to electrical power. This paper
experimentally investigates the electrical performance correlated to concentrated quartz-halogen,
with acrylic Fresnel lens and heat-light harvesting, coupled with heat sink. This study also
experimentally examined the influence of extreme temperature variance on the open circuit generated
voltage of the Peltier electrical failure mode, compared to the standard performance parameters of the
commercial TEG module. The research results presented provide expedient perception into the testing
(open circuit voltage, short circuit current, and full load power) of a commercial heat-stove TEG to
understand its performance limitations. The analytical simulation and mathematical model developed
in MATLAB compared the electrical performance parameters and its dependencies. The analytical
simulation shows that increasing the heat-sink temperature increases the efficiency of not more than
2% at the ∆T of 360 K, due to the limitation of the ZT of 0.43 at ∆T of 390 K. The maximum ZT of 0.7
for Bi2Te3, with an achievable efficiency of 4.5% at the Seebeck coefficient of 250 µV/K, was predicted.
The design of three experimental setups and results presented demonstrate the functioning of TEG
in stable and unstable temperature conditions, confirming the theoretical study and stipulating a
quantity of the electrical output power in relation to extreme temperature conditions.
Keywords: thermoelectric generator; electrical performance; Peltier failure mode; concentrated
quartz-halogen; heat-stove; waste-heat recovery
1. Introduction
Over the past two decades, there has been a rising significance, mainly due to non-moving
parts, of thermoelectric generator (TEG) developments in improving the electric vehicle (EV) battery
performance and utilising the unused or surplus heat energy, from either domestic boilers, radiators,
cooking appliances, or automotive exhausts, conversion into electrical power [1–3]. TEG has gained
reputation in powering portable electronic equipment and laptop batteries using thermoelectric
converter systems and, therefore, have proven to increase the life span of laptops internal batteries [4].
Recently, thermoelectric generators spanned their diligence to solar thermal and photovoltaic schemes,
where the cost of the thermal energy input is not an issue [5,6]. The idea of thermoelectrics was
discovered by Thomas Johann Seebeck in 1821 [7], in which a compass needle was deflected if it
was brought near to a closed loop, made up of two different electrical conductors when any one of
the junctions was heated [8]. Thirteen years after the Seebeck’s experiment, J.C.A. Peltier observed
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the second thermoelectric effect, in which the electric current was passed through the thermocouple,
producing heating or cooling, depending on the direction of current [9]. It was unknown that the
Seebeck and the Peltier phenomena are dependent on each other until W. Thomson related the Seebeck
and Peltier effects coefficients through thermodynamics. In 1949, Abram Fedorovich introduced
the thermoelectric figure of merit ZT, which linked the performance of the thermoelectric with the
physics of semiconductors; this parameter measured the thermoelectric efficiency and performance
by revealing the balance between the materials electrical and thermal properties [7–9]. Altenkirch
demonstrated that a good thermoelectric material ought to have a large Seebeck coefficient, and it
should possess low thermal conductivity, and these appropriate properties were represented in the
commonly named figure of merit (ZT) [8]. Yet, TEGs’ lower heat-to-power conversion efficiency
(less than 5%) is an overwhelmingly dominant hurdle specifically when utilising the commercial TEG
modules made of Bi2Te3 composite. An effort on improving the efficiency or ZT of thermoelectric
materials was made that may operate under dynamic temperatures, particularly in the range of 250 K
and 400 K [10], and where concentration of solar energy is one of the ways. Historically, Telkes, in 1954,
achieved the temperature difference of 520 K by means of a lens with 50× optical concentration
to achieve an efficiency of 3.34% [11]. Kraemer et al. reported the maximum efficiency of 7.4% by
using high optical concentration by placing the concentrated solar thermoelectric generator inside a
vacuum [12]. Although such heat-to-power performance efficiency was mainly realised with the use of
vacuum insulation, the vacuum degradation on the TEG efficiency has not been studied yet. However,
highly efficient thermoelectric compositions for power generation applications were studied [13,14].
A typical electrical circuit of TEG (Peltier module) consists of an open circuit potential difference
connected in series with the TEG module internal resistance; both fluctuate with the disparity of
temperature between hot side and cold side, as shown in Figure 1.
Energies 2018, 11, x FOR PEER REVIEW  2 of 18 
 
the junctions was heated [8]. Thirteen years after the Seebeck’s experiment, J.C.A. Peltier observed 
the second thermoelectric effect, in which the electric current was passed through the thermocouple, 
produci g heating or cooling, depending on the direction of current [9]. It was unknown that the 
Seebe k and the Peltier phenomena are dependent on each oth r until W. Thomson related t  
eck and Peltier effects coeffici nts through therm dynamics. In 1949, Abram Fedorovi h 
i troduced the thermoelectric figure of merit  𝑍𝑇ത, which linked the performance f the t ermoelectric 
with the physics of semiconductors; this parameter measu ed th  thermoelectric efficiency and 
erformanc  by revealing the bal nce betwe n the mat rials electri al and th rmal pro rties [7–9]. 
Altenkirch demonstrat d that a good thermo l tri  material ought to have a large Seebeck 
coefficient, and it should possess low ther al cond ctivity, and these appropriate properties were 
represented in the com only named figure of merit (ZT) [8]. Yet, TEGs’ lower heat-to-power 
nversion efficiency (l ss than 5%) is an overwhelmingly dominant hurdle specifically when 
utilising the commercial TEG modules made of Bi2T 3 composit . An effort on i proving the 
efficiency or ZT of thermoelectric materials was made that may op rate under dynamic t mperatures, 
p rticularly in the range of 250 K and 400 K [10], and where concentration of solar energy is one of the 
ways. Historic lly, Telk s, i  1954, achieved th  t mperature diff rence of 520 K by m ans of a lens 
with 50× optical concentration to achieve an efficiency of 3.34% [11]. Kraemer et al. reported the 
maximum efficiency of 7.4% by using high optical concentration by placing the concentrated solar 
thermoelectric generator inside a vacuum [12]. Although such heat-to-power performance efficiency 
was ainly realised with the use f vacuum insulation, the vacuum degr dation on the TEG 
efficiency has n t been studied y t. However, highly efficient thermoelectric compositions for pow r 
generation applications were studied [13,14]. A typical electrical circuit f TEG (Peltier module) 
consists of an open circuit potential difference connected in series with the TEG module int rnal 
resistance; both fluctuate with the disparity of temperature between hot side and cold side, as shown 
in Figure 1. 
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obtained when matched load resistance (RL) is connected. The internal TEG resistance (Ri) is dynamic, 
due to its dependency on the temperature differentials. 
If heat source surface temperature on P- and N-type of electrodes is lower, it will produce lower 
circuit current, meaning reduced thermal conductance (or higher thermal resistance), and vice versa [1]. 
Usually, TEG short circuiting is avoided, because it would allow highest possible thermal 
conductance, whilst it is significantly important to quantify, experimentally, the short circuit 
Figure 1. Schematic diagram of thermoelectric generator (TEG) composed of P- and N-type Bi2Te3
composite: one couple is illustrated here; typically, it consists of many couples depending on its
size, showing the open circuit-generated voltage (Voc) obtained without RL. Full load voltage can be
obtained when matched load resistance (RL) is connected. The internal TEG resistance (Ri) is dynamic,
due to its dependency on the temperature differentials.
If heat source surface temperature on P- and N-type of electrodes is lower, it will produce lower
circuit current, meaning reduced thermal conductance (or higher thermal resistance), and vice versa [1].
Usually, TEG short circuiting is avoided, because it would allow highest possible thermal conductance,
whilst it is significantly important to quantify, experimentally, the short circuit performance of TEG,
in order to improve the insulation. To increase the power generated by TEG, a maximum power
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transfer theorem can be applied when the internal resistance is equivalent to external/load resistance.
Despite the TEG (Peltier) module specifications and efficiencies available in the literature, there are
speculations that TEG modules may sometimes underperform where manufacturers are not aware
of the heat inequity effects. TEG modules constructed with Bi2Te3 were utilised in harnessing heat
from the smoke of cookers and stoves, and external air (forced convection) as a heat sink achieved the
maximum generated potential difference of 4 W [15]. There is no reported experimental work in the
literature on the commercial heat-stove TEG open-short-full load analysis, failure mode analysis of
Bi2Te3 Peltier module subjected to wider temperature differentials, and the influence of quartz-halogen
radiative light and heat concentration onto the Peltier module open circuit voltage performance.
However, Montecucco et al. [1] reported the effect of temperature mismatch when connected in series
and parallel, but they primarily focused on VI characteristics of generic Peltier module arrays. One of
the contributions of this research is to experimentally enumerate the operating conditions of Peltier
module under higher temperature differentials.
The research work presented in this paper, for the first time, matters correlated to the
concentrated—with acrylic Fresnel lens—quartz-halogen heat–light harvesting scope on TEG (Peltier)
module, coupled with heat sink. This study experimentally reconnoitres the influence of higher
temperatures, or Peltier failure mode, on the open circuit-generated voltage, compared to the standard
performance parameters of the commercial TEG module using a hot plate. The research results
presented provide expedient perception into the testing (open-short-full load) of commercial heat-stove
TEG in understanding the performance limitations of it. The analytical simulation and mathematical
model developed in MATLAB compared the electrical performance parameters and its dependencies.
All three experimental setups, designed and developed for understanding the functioning of TEG in
stable and unstable temperature conditions, confirm the theoretical study and stipulate a quantity of
the electrical output power in relation to extreme temperature conditions.
2. Materials and Methods
2.1. Analytical Model Method for TEG Characterisation
A mathematical model of the TEG is developed in MATLAB, that works on the principle of the
Seebeck effect, and produces an electric potential under the influence of the temperature difference
between its sides [16]. The larger the temperature difference, the greater is the output power produced,
but this temperature difference is not easy to obtain, due to which an effective cooling mechanism is
required, to keep one side cooler than the other [17]. As the large temperature difference is difficult to
obtain, it means that the overall efficiency of the TEG is very low. An increase in the overall efficiency
is primarily dependent on thermoelectric materials which play a significant part in determining its
operating temperature range, and their range is usually divided into three categories: less than 450 K
utilise bismuth (Bi) composite with tellurium (Te), antimony (Sb), and/or selenium (Se) basis of
commercial TEGs; 600–850 K utilise composites of lead (Pb) and telluride (Te2); and 900–1300 K utilise
germanium (Ge) and silicon (Si). Due to the <450 K operating range of the commercial TEG module,
they are usually coupled in series, and crammed between heat-conductive elements providing heat
from the hot source and cooling from the heat sink to achieve a reasonable power. When different
temperatures are forced between P and N junctions of Bi2Te3 TEG, it is found that the generated
potential difference or voltage V shows up on the voltmeter, and is represented in Equation (1) [9].
V = α∆T, (1)
where V represents the open circuit voltage, ∆T is the difference in temperature (Th − Tc) and α is the
representation of Seebeck coefficient. The performance of any thermoelectric device is predicted by its
thermoelectric figure of merit Z, which is represented by Equation (2) [18].
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Zp,n =
α2
ρ k
, (2)
where ρ and k are the electrical resistivity and thermal conductivity, respectively. This figure of merit
can become dimensionless if linked with average temperature T of the thermoelectric module [15].
This dimensionless figure of merit can be written as in Equation (3) [1].
ZTp,n =
α2T
ρ k
, (3)
where thermal conductance (K) [17] can be written as in Equation (4).
K =
kA
L
(4)
In addition, the internal resistance (Ri) can be written as in Equation (5).
Ri =
ρL
Ai
(5)
For maximum power RL equals to Ri, and the maximum power current and maximum power are
represented by Equations (6) and (7) [1,19].
Imp =
α∆T
2Ri
(6)
Pmp = I2RL (7)
When the current reaches maximum power, then the voltage across the load calculated
using Equation (8).
VL = ImpRL (8)
The heat flow, Qh, into the hot side represented by Equation (9).
Qh = α x Th I − 12 I
2R+ K(Th − Tc), (9)
where Th represents the temperature of hot junction, Tc the temperature of cold junction, I the current,
and Ri internal resistance. The conversion efficiency for the maximum power is calculated using
Equation (10), when the values of the heat absorbed at the hot junction and maximum power known.
The maximum conversion efficiency can be calculated using Equation (11) [18].
ηmp =
Pmp
Qh
(10)
η =
Th − Tc
Th
√
1 + ZT − 1√
1 + ZT + TcTh
(11)
The load resistance, RL, is calculated at the maximum conversion efficiency using Equation (12).
Thus, the generated current, voltage, and power are calculated using Equations (13), (14),
and (16), respectively.
RL = Ri
(
1 + ZT
) 1
2 (12)
VL = ImpRL (13)
Imc =
α (Th − Tc)
(RL + Ri)
(14)
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PL = Imc2RL (15)
Thermoelectric devices are made up of the combinations of N-type and P-type semiconductor
materials, which make the basic unit of a thermoelectric device; these semiconductor materials are
connected electrically in series, and thermally in parallel. Therefore, when the heat moves from the
hot side to the cold side of the module, the electrons and the holes are carried with it, resulting in the
potential difference [20].
2.2. Experimental Facility and Instrumentation
2.2.1. Heat-Stove TEG System Components for Direct Heat Harvesting
Figure 2 elucidates the schematic diagram of the experimental setup for the electrical performance
(open circuit voltage, short circuit current, and full load voltage) testing of direct heat harvesting
using commercial (VonHaus) heat-stove TEG. Standard specification of the TEG-127020, dimensions
of 40 mm × 44 mm × 3.3 mm, both P- and N-type elements (Bi2Te3), insulated with Teflon connected
with copper lead, are shown in Table 1. It does not have a figure-of-merit
(
ZT
)
of more than 1, and is
not continuous, because the material properties change due to its reliance on temperature variance.
Nevertheless, a typical, under good performance, ZT for this type is in the range of 0.3 and 0.7 having
a heat-to-power conversion efficiency specified to be less than 4.5%, and Seebeck coefficient in the
range of 150 to 250 µV/K. This heat-stove has a built-in heat sink to keep the cold-side temperature
to less than 308 K, supported with a small cooling fan, and the heat-source (hot-plate) temperature
goes up to around 419 K, and will be subjected to a range of thermoelectrical conditions for electrical
performance testing. The open circuit voltage (Voc) test can be conducted when the circuit is not
connected with an external load resistor (RL). The short circuit current test can be conducted when
the output leads are shorted with copper conductor. The full load test can be conducted when the
TEG leads are connected to external load resistor (RL), and for maximum power measurement, the RL
must be equal to Ri, which is why it is a variable resistor of 100 Ω, to measure the maximum power
performance. For this experimental analysis, the hot-plate surface temperature is limited to 420 K.
The fan cooling was connected to the external power supply and the TEG heat-stove connected to the
digital voltmeter with two k-type thermocouples: one on the cooling side and one on the heating side,
secured with thermal glue for recording the hot-side and cold-side temperatures, as shown in Figure 3.
For the full load testing, a 100 Ω variable resistor was used.
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Table 1. Specifications of heat-stove TEG.
Heat-Source Temperature Voc (V) VL (V) IL (A) Ri (Ω) RL (Ω) PL (W) Tolerances (%)
373.15 K 3.22 1.8 1 1.8 1.8 1.8 ±10
473.15 K 8.54 4.27 2 2.1 2.1 8.5 ±10
In these specifications, the heat-sink (cold) temperature is stated as 303.15 K.
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2.2.2. TEG System Components for Peltier Failure Mode Analysis under Extreme
Temperature Variance
Figure 4 shows the schematic diagram of the experimental setup for the open circuit voltage
performance testing under extreme temperature variance of direct heat harvesting using TEG
(SP1848-27145), dimensions of 40 mm × 40 mm × 3.4 mm, both P- and N-type elements (Bi2Te3)
insulated with Teflon connected with copper lead. The standard specifications are shown at ∆T
of 293.15, 313.15, 333.15, 353.15, and 373.15 K, for the Voc of 1.8, 2.4, 3.6, and 4.8 V, respectively.
In this part of the experiment, a test of achieving higher temperature variance between the hot
and cold side of the Peltier module was performed. Extreme temperature influences on low power
when it reaches its maximum limit and deteriorates Bi2Te3 due to diffusion. However, its maximum
experimental temperature sustainability limit is unclear, such that steady operation can be maintained
for experimentally measuring the failure mode of the Peltier module. To achieve this, the hot plate,
heat sink, and ice bowl were used to cool TEG from one side, and heat it from the other side, so that
a reasonable amount of temperature difference could be achieved between its two sides, as shown
in Figure 5. For this purpose, a heat sink was attached to one side of the Peltier device, and a hot
plate was used to provide heating from the other side. An additional bowl of ice was placed on top
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of heat sink so that the cooling process could be enhanced. Two metal plates were placed on the top
and bottom of the Peltier device with the use of the thermal glue, onto which k-type thermocouples
were attached. These k-type thermocouples were then inserted into the digital thermometer, which
displayed the temperature of both sides of the Peltier module. The open circuit voltage was displayed
on the digital voltmeter as shown in Figure 5. The measuring instruments used is in this experiment
are the same as the ones used in Section 2.2.1.Energies 2018, 11, x FOR PEER REVIEW  7 of 18 
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2.2.3. System Components for Quartz-Halogen Radiative Heat Harvesting Using Fresnel Lens with
Peltier TEG Module
Specific to glass and steel manufacturin i dustries, the scope of the conversion of high radiative
heat and light into electrical power has been experimentally investigated. In this part, the experimental
setup was designed with two 500 W quartz-halogen lamps and acrylic Fresnel lens (dimensions of
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280 mm × 280 mm × 2 mm, magnification 3×, 50 grooves/inch, and focal length 220 mm), harnessing
the radiative heat and light concentrated onto the Peltier module connected to the heat sink, as shown
in Figure 6. Acrylic Fresnel lenses are usually are a good choice for concentrating quartz-halogen
radiation, as they are economical, have small volume and less weight, and, additionally, they increase
the energy density effectively [21]. Fresnel lens is the flat optical part of a conventional lens. As the
surface of the lens consists of small concentric grooves, the lens is approximated in such a way that
each separate groove behaves like a separate prism [21]. Solar thermal systems for intermediary
temperature range use solar concentrators. Fresnel lens are categorised as either imaging Fresnel lens
or as non-imaging Fresnel lens. However, for this experiment, the non-imaging Fresnel lens are utilised.
Non-imaging Fresnel lens are made in such a way that they concentrate the quartz-halogen radiation
at a point as high as hypothetically possible. These types of lenses have two main factors, which are
the focal length and the aperture. When the Fresnel lens is exposed directly to quartz-halogen lamp,
the light coming out of the lens from the opposite direction will fall on to the Peltier device, and this
light will be of increased concentration [22]. The open circuit voltage and temperature obtained
were displayed on the digital voltmeter and thermometer, respectively. The distance of 1 m has been
maintained between the Fresnel lens and the halogen lamps. It was made sure by varying the angle
of the Fresnel lens that the maximum concentration was achieved when the halogen lamps and the
Fresnel lens were parallel to each other, as shown in Figure 7. This is because when the angle of the
Fresnel lens was changed, the amount of heat concentrated was decreased, and there was only one
position where the maximum concentration occurred, and that was when the lens was directly facing
the halogen lamp. After finding the maximum concentration point, the Peltier module attached to heat
sink was placed under it. It must be noted that the concentrated heat was not covering the whole of
the surface of the Peltier device at the point of maximum concentration of heat.
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3. Results and Discussion
3.1. Simulation Analysis on TEG Electrical Performance
The steady-state temperature dispersal between the heat-sink side was modelled to be constant at
30 K, and the heat-source side increased gradually to 390 K. Such a range of ∆T influences the voltage,
power, and efficiency, as shown in Figure 8. It can be seen that increasing the heat-sink temperature
increases the efficiency of not more than 2% at the ∆T of 360 K. However, negligible output power
was predicted at e ∆T of 40 K, and such results are in good agreement with [2,23]. Moreover, this is
due to the limitation of ZT, as the predictions show the maximum of 0.43 at ∆T of 390 K. However,
the maximum ZT of 0.7 for Bi2Te3 with an achievable efficiency of 4.5% at the Seebeck coefficient of
250 µV/K was predicted, as shown in Figure 9.
Figure 10 shows a linear response between the efficiency/ZT and Seebeck coefficient when ∆T of
390 K (Th = 420 K and Tc = 30 K) was kept constant. Figure 10a shows an increase of Seebeck coefficient
from 1.85 to 2.04, influencing the efficiency from 0.11 to 0.13, which is considerably less because,
as shown in Figure 10b, ZT increased from 0.32 to 0.4. It has been found that the performance
of TEG greatly depends on ZT, as ∆T and the Seebeck coefficient (α) are directly proportional
to it. The maximum electrical resistivity was predicted to be 1.64 × 10−6 Ω·cm at the ZT of 0.4,
and ∆T of 525 K. An increase of electrical resistivity to 1.82 × 10−6 Ω·cm leads to a decrease of ZT
to 0.38. The electrical resistivity (ρ) and the thermal conductivity (k) are inversely proportional to
the thermoelectric figure of merit
(
ZT
)
, so when these values increase, then the performance and
efficiency of the TEG decreases; likewise, when these two values decrease, then the efficiency increases.
Therefore, it can be said that a large value of the Seebeck coefficient, a small value of the thermal
conductivity, and a small value of the electrical resistivity, are crucial to attain a suitable value of ZT.
The results obtained from the mathematical model of TEG confirm the theory that good thermoelectric
materials should possess high thermoelectric ZT [19]. The thermal conductivity is proportional to
the electrical conductivity (it accounts for the electron-charge carrier concentration), so increasing the
electrical or thermal conductivity decreases the Seebeck coefficient, and that is why semiconductors
are considered to be suitable. The recognition of a good thermoelectric material is that it has a ZT of
≥1 but, realistically, with Bi2Te3 material, it has been difficult to obtain. However, the values of ZT
between two and three, at the normal room temperature, seemed optimistic [18], but there is a plenty
of room for the improvement of materials, specifically, the nanomaterials.
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3.2. Experimental Results
3.2.1. Direct Heat Harvesting with Heat-Stove TEG
Open Circuit Voltage Test (Voc)
Figure 11a shows open circuit voltage (Voc) performance for a TEG-127020 (from RS Electronics
(London, UK), dimensions of 40 mm × 44 mm × 3.3 mm, both P- and N-type elements made of
Bi2Te3, with the direct heat supplied using a hot plate, in which the minimum Th was set to 294 K,
and the maximum Th set to 418.5 K, whilst the maximum Tc was set to 40 ◦C, using a grid-integrated
heat sink supported by small DC fan. A ∆T of 92 K between the two sides of the TEG was achieved,
which were the maximum operating conditions. Several (at least three) experimental tests were
conducted, and achieved, consistently, a Voc of 3.65 V. Figure 11b shows the open circuit current
of 11.8 mA, due to scrounging effect of internal resistance of Peltier module contingent to heat
conductivity, which reflects the performance under no-load situation, having a positive influence on
the efficiency.Energies 2018, 11, x FOR PEER REVIEW  12 of 18 
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Short Circuit Current Test (Isc)
Figure 12a shows the maximum short circuit current (Isc) of 0.93 A that was obtained at a
temperature difference of 90 K, without damaging the thermoelectric device. A series of short circuit
tests were conducted under the same temperature gradients, and it was found that the maximum Isc
was recorded with was 1.04 A, as shown in Figure 12b. As the short circuit current test was carried out
after the open circuit voltage test, and it was found out that the performance of the TEG module was
not the same as when the open circuit voltage test was carried out in the first place. This is mainly due
to the bonding of Bi2Te3 with electrodes, which expand due to the current and heat source causing
heat, leading to tensile stresses. Such slight deviation of performance can be observed that, during
the open circuit voltage test, a temperature of 418.2 K was achieved, while there was a temperature
difference of 92 K between the two sides of the generator, whereas, in the short circuit current test,
at a temperature of 427.7 K, there was only a temperature difference of 90 K between its two sides.
The comparison between the two tests shows that the performance of the TEG deteriorated during the
second test.
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Full Load Test
Figure 13a shows the performance of full load tests at four different ∆T on the output load power
connected to the variable external resistor, when RL was equivalent to Rin. For an increase of ∆T,
the maximum power point (MPP) increases, similar to [3,24]. In theory, MPP occurs when VL and IL
are approximately equivalent to half of the Voc and Isc, respectively. Figure 13b shows the VL of 1.68 V
and IL 547 mA were achieved compared to the approximate half of the experimental Voc of 3.84 V and
Isc of 1.04 A. However, Ri is dependent on ∆T, and is variable. The output load power (PL) on the
left of the Figure 13a shows the situation below MPP (or below IL of 0.3 A), due to less direct heat
supply causing a decrease in current and RL and, in this case, is underloaded. The output power on
the right of the Figure 13a shows the situation over MPP (or above IL of 0.3 A), due to increased direct
heat supply. An accurate MPP was achieved when ∆T was continued at 64.7 K for this single TEG,
and is approximately 0.42 W.
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3.2.2. Peltier Electrical Failure Mode Analysis under Extreme Temperature Variance
TEG modules do encounter performance deterioration due to heat-induced stresses [24,25].
Quantifying the influence of extreme temperature variance on Voc provides insight into the unswerving
workings of a commercial-scale TEG (SP1848-27145 from RS Electronics). Figure 14 shows the Voc
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performance of TEG subjected to minimum and maximum temperatures of 297.1 K and 439 K,
respectively. The Voc of 2.55 V was achieved at the maximum ∆T of 55.6 K. Peltier failed to function
when operated at 439 K, because it expands on the hot side, and contracts on the cold side, causing
internal stresses, specifically, to the soldered joints of P–N pairs; typically, there are 126 pairs and,
if one fails, the others fail due to the series connection and the Voc dropping to zero. Conversely,
the temperature increases excitation across the energy gap in an electron-hole pair, resulting in
the deterioration to Seebeck coefficient, and the bipolar effect increases the heat conductance of
Bi2Te3 composite.Energies 2018, 11, x FOR PEER REVIEW  14 of 18 
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3.2.3. Concentrated Quartz-Halogen Light and Radiative Heat Harvesting Using Fresnel Lens with
Peltier TEG Module
Two quartz-haloge lamps, each of 500 W, emit light and radiative heat concentrated with an
acrylic Fresnel lens onto the TEG (SP1848-27145) module. The Fresnel lens concentrated some of the
emitted heat and light onto the surface of the hot side of the TEG, while some of the heat and light
was being reflected back to th halogen lamp. After initial t sts, it was found that the distance of
approximately 1 m should be maintained between quartz-halogen lamp and the Fresnel lens whilst
13 cm distance between Fresnel lens and the TEG was maintained. The hot-side surface temperature of
the TEG module was measured before an after the point of maximum concentration, as shown in
Figure 15. The temperature above the Fresnel lens was measured to be 294.2 K, and the temperature
after concentration of heat above the surface of the TEG was measured to be 330 K, with an achieved
∆T of 35.8 K. It was noticed that concentrated light was not covering the whole surface area of the
hot side of the TEG. Now, as soon as the ight fell on the Peltier device at the point of maximum
concentration, there was a change in voltage, but as the ∆T was not sufficient enough, a maximum of
only 0.0225 V was obtained, and even after a longer period of time, the voltage remained constant,
at 0.0225 V. The r ason for this small amount of voltage was found to be a the halogen lamps were
dispersing heat in all directions, and as the lens was placed at a large distance of 1 m, the heat captured
by the Fresnel lens was very small, due to which, the voltage achieved was very small. When the
angle of the l ns was tilted in such a way that it was not concentrating the maximum heat but, instead,
now, the eat was covering the whole surface area of the TEG module. The temperature measured
before concentration on top of the lens was found to be 293 K, and the temperature measured after
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concentration was found to be 309 K; this was obtained when the lens was placed at a distance of
0.98 m from the lens covering a wide surface area of TEG. As it can be observed, the amount of heat
concentrated now is less than the one measured before but, this time, the maximum voltage obtained
was 0.0257 V, which is more than the previously obtained value of 0.0296 V. This behaviour of the TEG
shows that, although a greater temperature difference is required between the two sides of the device
in order to produce greater voltage, it is also important that the temperature distribution on the surface
of the Peltier device is even. Although, with this experiment, the results were not as expected, as it
was not performed under the ideal conditions of the solar radiations, but it helped to demonstrate the
quartz-halogen scope; in order to get a reasonable amount of output voltage, the temperature should
be evenly distributed on the surface of the thermoelectric devices. Even and uneven distribution of
heat onto the surface of TEG is shown in Figure 16. Figure 16a shows the thermoelectric module,
where the light is focused at the centre of the device, is the one where there is more concentration
of heat, but its performance is poor, as it produces less Voc. Figure 16b shows the light and heat are
evenly distributed on the surface of the Peltier but, although that the concentrated heat is not a high
temperature, it still produces comparably higher Voc.
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4. Conclusions
The scope of TEG in improving the EV battery performance and glass/steel manufacturing industries
could achieve wider significance by harnessing the unused radiative heat and light conversion to
electrical power. This work presents experimental and analytical simulation analyses on the electrical
performance of TEG modules for the scope of direct and concentrated quartz-halogen heat harvesting.
The analytical simulation shows that increasing the heat-sink temperature increases the efficiency by not
more than 2% at the ∆T of 360 K, due to the limitation of the ZT of 0.43 at ∆T of 390 K. The maximum
ZT of 0.7 for Bi2Te3, with an achievable efficiency of 4.5% at the Seebeck coefficient of 250 µV/K, was
predicted. The maximum electrical resistivity was predicted to be 1.64 × 10−6 Ω·cm at the ZT of 0.4
and ∆T of 525 K. An increase of electrical resistivity of 1.82 × 10−6 Ω·cm leads to a decrease of ZT
to 0.38. The results were obtained from the mathematical model of TEG. The recognition of a good
thermoelectric material is that it has a ZT of ≥1 but, realistically, with Bi2Te3 material, it has been
difficult to obtain. In the first experimental setup, a commercial heat-stove TEG-127020, dimensions
of 40 mm × 44 mm × 3.3 mm (both P- and N-type elements made of Bi2Te3) supplied with direct heat
through a hot-plate and grid-integrated heat sink, supported by small DC fan, was investigated for its
electrical performance. The Voc of 3.65 V and Ioc of 11.8 mA at the ∆T of 92 K were achieved; the Ioc was
due to the scrounging effect of internal resistance of Peltier module contingent to heat conductivity, and it
reflects the performance under a no-load situation, having a positive influence on the efficiency. The Isc of
0.93 A was obtained at ∆T of 90 K, without damaging the thermoelectric device. A series of short circuit
tests were conducted under the same temperature gradients, and it was found that the maximum Isc
recorded was 1.04 A. The comparison between the two tests show the electrical performance of the TEG
deteriorated during the short circuit test. The full load tests, at four different ∆T on the output load power,
connected to the variable external resistor when RL equivalent to Ri, were performed, and show that, for
an increase of ∆T, the maximum power point (MPP) increases. The VL of 1.68 V and IL 547 mA were
achieved compared to the approximate half of the experimental Voc of 3.84 V and Isc of 1.04 A. However,
Ri is dependent on ∆T, and is variable. An accurate MPP of 0.42 W was achieved when ∆T was continued
at 64.7 K. In the second experimental setup, the influence of extreme temperature variance on the Voc
of TEG (SP1848-27145), dimensions of 40 mm × 40 mm × 3.4 mm, was investigated. A Voc of 2.55 V
was achieved at the maximum ∆T of 55.6 K. Peltier failed to function when operated at 439 K, because
it expands on the hot side and contracts on the cold side, causing internal stresses, specifically, to the
soldered joints of P–N pairs; typically, there are 126 pairs and, if one fails, the others fail due to series
connection and the Voc dropping to zero. Conversely, the temperature increases excitation across the
energy gap in electron–hole pair, resulting in the deterioration of the Seebeck coefficient, and the bipolar
effect increases the heat conductance of Bi2Te3 composite. In the third experimental setup, the electrical
performance correlated to concentrated with acrylic Fresnel lens quartz-halogen heat-light harvesting
scope, on a TEG (Peltier) module coupled with heat sink, was investigated. The experimental results show
that a ∆T of 35.8 K achieved a Voc of 0.0225 V at the point of maximum concentration covering the small
surface area. Covering the whole surface area of TEG at a distance of 0.98 m between the quartz-halogen
lamp and Fresnel lens achieved a Voc of 0.0296 V at the ∆T of 16 K. The light focused at the centre of the
hot-side surface of TEG shows a comparably higher concentration of heat, but its performance is poor,
as it produces less Voc. When the light and heat are evenly distributed on the surface of the hot-side
TEG, it produces comparably higher Voc, despite the fact the concentrated heat was comparably lower.
Experimental results show that there is a necessity for DC–DC converters, but it is not certain that the
consistent maximum power point could be achieved. The analytical simulation model could be advanced,
that should consider the extreme temperature variances and the influence of improving P and N element
insulation with triple vacuum glass [26] on the electrical performances of TEG, which would greatly
contribute to a next-generation EV and glass/steel manufacturing industries in harnessing unused energy.
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Abbreviations
Nomenclature
α Seebeck coefficient (V/K)
V voltage (V)
I current (A)
k thermal conductivity (Wcm−1K−1)
ρ electrical Resistivity (Ω·cm)
ZT figure of merit (dimensionless)
∆T temperature difference (K)
T temperature (K)
T average temperature (K)
K thermal conductance (Wcm−2K−1)
R resistance (Ω)
L length of thermoelectric element (cm)
Q heat flow (W)
η heat-to-power conversion efficiency (%)
P power (W)
A cross-sectional area (cm−2)
TEG thermoelectric generator
DC direct current
MPP maximum power point
EV electric vehicle
MATLAB matrix laboratory software
Subscripts
oc open circuit
sc short circuit
p, n semiconductor properties showing impurity doping
i internal
L load
H hot side
c cold side
mp maximum power
mc maximum conversion
Chemical Formula
Bi2Te3 bismuth telluride
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